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In a nutshell: -An encouraging trend is ecological research conducted along the urban-rural gradient.
-But, clear definitions and quantitative metrics are needed to place research more precisely within the landscape context. -Ecologists should measure the degree of human modification by metrics that capture important ecological processes and land use/cover patterns. -Better understanding of the ecological consequences of exurban land use dynamics is a critical need because at this interface development encroaches on "protected" lands.
Introduction
Clearer understanding of the role of humans in modifying natural ecosystems is key to making progress on many challenging contemporary environmental issues that face society. An important challenge is to integrate socio-economic and ecological data to better understand human-dominated ecosystems (Dale et al. 2000; National Research Council 2001; Pfirman et al. 2003) . Lack of consistent definitions in particular limits integration of data and models from natural and social sciences (McIntyre et al. 2000) . As ecologists increasingly work in humandominated ecosystems, we encounter a plethora of terms from the social sciences and planning literature such as : urban, urbanization, metropolitan, development, sprawl, suburban, urbanfringe, urban-wildland interface, exurban, rural, and wildland . Although these terms are remains rooted in a categorical conceptualization of island biogeography theory (Wiens 1994) and/or by patch/mosaic/corridor (Forman and Godron 1986) . However, the variety and spatial heterogeneity of vegetation and land cover, as well as a human modification (i.e. land use), typically increases with broader study areas.
It is important that ecologists meet these challenges and place their work within the full range of human influence because many ecological processes do not change linearly or consistently (i.e. thresholds or changes of state) with increasing human influence. Too often society is faced with sudden unintended environmental responses: we need to better inform public policy to anticipate likely consequences of our actions. Moreover, typically there are more opportunities to include ecological values in land use planning and decision makers are less constrained as one moves along the urban to rural gradient (e.g., restoration vs. mitigation vs. protection). Social scientists are also re-working their urban-rural dichotomy to better reflect a fine-grain interpenetration of urban and rural land use (Alonso 1993; Cromartie and Swanson 1996; Morrill et al. 1999) .
A couple of conceptual models have been developed that use a single dimension to examine human-dominated ecosystems. Godron and Forman (1983) distinguished a "landscape modification" gradient that ranged from urban, suburban, cultivated, managed, to natural.
McDonnell and Pickett (1990) encouraged ecologists to seize what they called an unexploited opportunity to systematically examine how urbanization affects ecosystem structure and function by organizing studies within the urban-rural gradient, drawing on Whittaker's "gradient paradigm." McIntyre and Hobbs' (1999) framework is based on the degree of landscape alteration, ranging from relictual, fragmented, variegated, to intact. However, clear definitions and quantifiable metrics are needed to implement these frameworks so that biological and socioeconomic information can be integrated to inform land use planning.
My goal in this paper is to contribute to emerging research on human-modified ecosystems by offering a framework that allows ecological and social science to be more usefully integrated and that explicitly recognizes the importance of low-density, exurban land use changes beyond the urban fringe (Photo 1). First, I examine how terms that differentiate human-modified ecosystems are typically defined and quantified in the ecological literature. Second, I identify measures that are typically used to quantify the landscape context of ecological research. 
Land use terms
Most commonly-used land use terms in the ecological and social science literature stem from definitions and concepts developed by census geographers and demographers (US Census Bureau 2000). In the US, a metropolitan area is an area that contains at least one city of at least 50,000 residents or an urban area that has at least 50,000 and the total metropolitan area exceeds 100,000. The analysis unit (grain) of the metropolitan statistical area is the county, which varies by four orders of magnitude in size across the US. An urban area comprises one or more places and the adjacent densely settled territory that has >387 persons/km 2 (>1,000 persons/mi 2 ) within 2 km (1.5 miles), which is also known as the "urban fringe" and must contain at least 50,000
people. In 2000, urban clusters were developed to map slightly lower-density areas >193
persons/km 2 adjacent to urban areas.
Three commonly used, but poorly defined, terms are emerging in the lexicon of ecologists: suburban, exurban, and rural. Suburban areas are typically considered to be lowerdensity residential land use at the urban fringe and are often thought to be synonymous with sprawl, but there is no standard quantitative definition. Exurban was originally used in a novel by Spectorsky in 1955 to describe residents who commuted to New York City from rural areas beyond the extent of the rail lines. Today, exurban is defined as a semi-rural region beyond the suburbs of a city, characterized by low-density (~5 acres per unit or more), large-lot development (Daniels 1999) . Rural areas are typically defined simply as "not urban".
Quantification of these terms is an improvement over simple descriptions, but one should 
Measurement of human modification
I reviewed the ecological literature using the Web of Science database to examine how ecologists have characterized study sites in human-dominated ecosystems and to determine common landscape metrics (ISI 2003) . I searched the titles and abstracts of papers for urbanrural gradient, urban, exurban, and rural terms, compiling a list of roughly 250 citations ( Figure   2 ). These papers were then examined to consider how human activities that have influenced the abundance and distribution of ecological features and processes were characterized. In general, there were six ways that ecologists described the degree of human modification of their study sites: subjectively, using a transect, or by mapping land cover, population density, housing/building density, or road density. Many of the studies were defined subjectivity, and sometimes only implied whether their study area was urban or rural. Occasionally research was simply conducted within city boundaries and urban was inferred (e.g., Blair 1999) . More often studies compared responses between study sites located inside and outside a city (e.g., Boal and Mannan 1999) or between exurban and protected areas (e.g., Maestas et al. 2003) .
McDonnell and Pickett's (1990) seminal paper helped to spur a burgeoning research field -ISI identified 81 citations (as of 2003). Their urban-rural gradient followed a 140 km transect that began in New York City and extended north to rural Litchfield County, Connecticut.
Originally, eight field study sites were stratified along urban, suburban, and rural portions of the transect. This transect has been used to study a broad range of ecosystem processes, for example, leaf litter quality, nitrification of soils, and atmospheric deposition to oak forests. Distance from the urban core has also been used to array a number of landscape factors, such as population density, land cover types, and measures of forest patches (Medley et al. 1995) . More recently, Luck and Wu (2002) examined how landscape metrics changed along an urban-rural gradient at the Phoenix, Arizona urban LTER site.
Interestingly, social scientists have a related concept called the "rural-urban continuum", which is quantified through the Beale Code (Butler and Beale 1994) . Each county in the US is classified to distinguish metropolitan areas by size and nonmetropolitan areas by degree of urbanization and proximity to metro areas. These codes form the basis for most demographic analyses that have described the changing patterns of population growth.
Measurements of land cover acquired from remotely-sensed imagery frequently are used to place a site within a range of human-modified ecosystems. The proportion of developed (residential, commercial, roads, etc.) 
Human modification framework
By examining landscape patterns and processes, the landscape context and the degree of human modification can be directly characterized. The human modification framework ( Figure   3 ) builds on ideas about distinguishing managed from natural landscapes (Aplet 2000) and characterizes the degree to which natural processes are free or controlled and the degree to which landscape patterns are natural or artificial. Note that there are a variety of descriptive labels in the framework (e.g., natural and artificial) that are used for short-hand, but these need to be backed up by quantitative measures that reduce ambiguity and allow for comparative study.
In general, highly modified areas such as urban, built-up areas and cropland have artificial, regular land use and cover patterns and natural processes such as wildfire and flooding are tightly controlled. Moderately modified areas may have more natural patterns of land cover (e.g., regional parks and open space) but processes such as wildfire may still be highly controlled because of proximity to urban areas or high visitor use; or may have somewhat artificial patterns (e.g., timber harvesting) but relatively uncontrolled processes. Lightly modified landscapes, such as wilderness areas, have natural patterns such as diverse composition and age structure and natural processes such as wildfire are allowed to operate. Also, lightly modified landscapes are typified by low levels of fragmentation (i.e. are connected), but highly modified landscapes also tend to have low levels of fragmentation (e.g., intensive agricultural lands), whereas fragmentation tends to be high in moderately modified landscapes. Rather than fragmentation, a better metric to distinguish patterns is the proportion of natural land cover, which increases monotonically from heavily to lightly modified landscapes. Note that temporal factors such as the duration of a land use and their interaction with the frequency of natural disturbances could be considered to be a third dimension.
Ecologists may find four recommendations particularly fruitful. First, researchers should carefully consider the landscape context of their study area, and ideally design their study to test how an ecological variable of interest responds to the degree of human modification. Indeed, there are interesting and useful opportunities to examine landscape context as a series of "natural experiments" (sensu Diamond 1986 ).
Second, establish the context through quantitative metrics that capture both dimensions of the framework: process and pattern. Because landscape metrics are sensitive to both the grain and extent, an important challenge is to ensure that the scale of data used reflects the social and natural processes being investigated. Often there is a mismatch so that measures such as population density are calculated using a coarse grain (e.g., states or counties), while ecological data are represented using a finer grain (e.g., hectare patches). As city parks perforate the urban core, and as open space areas increasingly ring suburban fringes to counteract sprawl, it is increasingly important to use fine-grained land use and cover data. Third, although much of the recent emphasis on research conducted on urban ecosystems is important and timely (e.g., urban LTERs), the center of the urban-rural gradient -the exurbanwildland interface -is particularly dynamic, yet remains understudied. It is critical to better understand these landscapes because they occupy five times the extent as urban areas (Theobald   2001) . Moreover, exurban landscapes have profound influence on large acreages of public lands and other so-called "protected areas" (e.g., forests, parks, wilderness areas, nature preserves, etc.; Hansen et al. 2002) . They are very dynamic as well --local and regional land trusts now have protected over 6 million acres across the USA, a tripling from 1990 (Photo 2). Moreover, gateway cities (e.g., Estes Park, Colorado) and rural residential developments have sprung up adjacent to protected areas creating high contrast edges of land use that increasingly complicate land management (Cole and Landres 1996) . Conservation effort is often more cost-effective in exurban areas, whereas conservation in urban areas often requires acquisition, extensive restoration, and prolonged maintenance. Moreover, we need to distinguish effects caused by the existence of certain land cover types (e.g., simplifying vegetation structure around a house or destruction of habitat from a road) versus effects caused by use (e.g., road traffic volume). Because land cover patterns are easier to quantify, we may be under appreciating impacts of human-related activities, such as recreation or subsidized predators like domestic cats and dogs that can have a large impact on native species richness (Maestas et al. 2003) .
Using the human modification framework to place ecological work within the landscape context should contribute to better policy-relevant science. As society grows concerned about ecological degradation and loss of biodiversity, research on human-modified landscapes is not just an unexploited opportunity, but it is necessary to ensure that ecological research can have direct impact to better inform land use planning. Photo 2. Important ecological resources, such as wetlands, riparian zones and valley bottoms, are often disproportionately located on private lands. These resources are increasingly protected through conservation easements and acquisition of private lands, such as this portion of the Slate
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